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SYNOPSIS This paper presents the field behavior of a jetted sand drain installation at a preloaded 
wastewater treatment facility site in Gloucester, Massachusetts, U.S.A. The site is underlain by 
surficial estuary deposits above a stratum of stiff to soft clays. Detailed subsurface explorations 
and laboratory testing program provided data to predict amounts and rates of primary compression and 
rates of secondary compression in the referenced strata. The field behavior is compared to predic-
tions through analyzed values of total settlement at the end of primary compression, coefficient of 
consolidation, and coefficient of secondary compression. 
A field instrumentation program allowed monitoring of settlements of individual strata and piezo-
metric levels within the clay stratum. Delays in beginning construction allowed the preload to 
remain in place long enough to observe secondary compression of the strata, providing an unusual 
opportunity for long term collection of field data. 
Statistical curve fitting techniques were applied to the field settlement and piezometric data 
allowing the amount of total settlement at the end of primary compression and coefficients of con-
solidation and secondary compression to be backfigured independently of the laboratory data. The 
analysis technique, applied to settlements for the first time herein, is applicable to most 
installations having vertical drains. 
Analyzed results from field data are compared to predictions based on laboratory data. The results 
for this site indicate that conventional design methods tend to predict settlements that are 
slightly large for the clays and slightly small for the organics. 
SITE DESCRIPTION 
A. Proposed Construction 
The project consists of preloading a site prior 
to construction of a treatment plant on a tidal 
marsh in Gloucester, Massachusetts. Pre-con-
struction site grades vary from about Elev.-lm 
(-3ft.) to about Elev. +4.6m(l5ft.). Datum is 
Mean Sea Level (MSL) • See Figure 1 for 
schematic site sketch. 
B. Subsurface Conditions 
The site is located in a glaciated region with 
the following general geologic history: 
Site overlies a bedrock trough or valley 
extending down to at least Elev.-36.6m 
(-120ft.) 
Dense glacial till and sand-gravel outwash 
were deposited on the valley bottom and 
sideslopes during and after the last ice 
advance. 
• 1235 
As the glacier melted the valley was covered 
by the sea, during which time a layer of 
silts and clays with some fine sand lenses 
was deposited on the bottom of the valley, 
from about Elev.-22.9m(-75ft.) up to Elev. 
-4.6m(l5 ft.) 
Sea level later decreased to Elev.-12.2m 
(-40ft.), exposing the upper 7.6m(25ft.) of 
clay, resulting in partial dessication of 
this zone and consolidation by capillary 
pressures. Conditions were complicated by 
erosion of upper clays in many areas. 
As the sea gradually rose to present l~vels, 
estuary deposits composed of organic silts, 
peats and fine sands were deposited on the 
surface of the remaining clay. 
Site geological description is based on design 
phase engineering studies - ref. Goldberg-Zoino 
& Associates(l972) • 
First International Conference on Case Histories in Geotechnical Engineering 
Missouri University of Science and Technology 
http://ICCHGE1984-2013.mst.edu
I 
I 
I BUILDING AREA FILL HT=4.6m (15 F't) FlLLHT.= 5.2·5.8m(I7-19FTl 
TOE oF I 
SLOPE"i 
I '---.J v ......___ 
FIGURE I 
SITE PLAN 
A typical soil profile through the trough is 
shown on Figure 2. The following soil strata 
were encountered at depth in the following 
sequence. 
1. ESTUARY 
DEPOSITS 
Upper Organics 
Several feet of root matter 
underlain by very soft, fine 
grained, highly decomposed, 
highly compressible peat, varying 
in thickness from 1.5 to 6.lm 
(5 to 20 ft.) . 
Upper Sands 
Loose to medium dense fine sands 
varying from 1.5 to 6.lm 
(5 to 20 ft.) in thickness. 
Lower Organics 
Firm organic sandy silt generally 
1.5 to 3.0m(5 to 10 ft.) thick, 
where encountered. Much less 
compressible than upper organics. 
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2. CLAYS 
3. LOWER 
SANDS 
0 20 401ot 
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Stiff Clay 
Where clay exists above Elev.-10.7m 
(-35ft.), it consists of yellow 
silty clay, to clayey silt with some 
fine sand. Thickness ranges from 
0 to 7.6m(O to 25ft.). 
Soft Clay 
Where clay exists below Elev.-10.7m 
(-35ft.), it consists of grey soft 
to very soft highly plastic silty 
clay to sandy clayey silt. Thick-
ness ranges from 0 to 12.2m 
(0 to 40ft.). 
The clay surface slopes from Elev. 
-3.0m(-10ft) near the southwest 
corner of the site, down to Elev. 
-15.2m(-50ft.) near the northeast 
corner. 
Dense to very dense fine sand 
grading to coarse gravelly sand. 
Upper surface at Elev.-6.lm(-20ft.) 
at valley side slopes, down to Elev. 
-24.4m(-80ft.) at center of valley. 
Groundwater levels at the site reflect sea 
level with a slight time lag for tidal effects. 
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SUBSURFACE 
Engineering Properties of Estuary Deposits 
and Clays 
Figure 3 summarizes laboratory determined 
properties of Estuary Deposits and Clays, 
along with estimated pre-construction and 
post construction effective stress condi-
tions at a typical location. Estuary 
Deposits and Soft Clays are normally con-
solidated, while Stiff Clays are slightly 
overconsolidated. 
Embankment Design and Construction 
The major geotechnical engineering 
strategy was to limit the amount of 
settlement to those which the structures 
could tolerate. Several schemes were con-
sidered including piles; excavation of the 
Upper Organics and preloading; and 
complete stabilization while leaving Upper 
Organics in place until completion of 
preloading. 
The complete stabilization scheme was 
selected because of the projected time 
restrictions and the consolidation rate in 
the Clays. Preload/surcharge heights and 
durations and sand drain spacing were 
designed to prevent shear failure during 
embankment construction; limit settlements 
of structure to 50 to 150mm(2 to 6 inches) 
over 10 years beyond construction; and 
allow most settlement to occur prior to 
construction of tanks and other struc-
tures. Geometry and height of preload/ 
surcharge fills and typical construction 
sequences are shown on Figures 1 and 2. 
Note gravel key trench constructed to 
prevent mud wave from shear failure within 
Estuary Deposits. 
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E. Sand Drain Design and Installation 
Sand drains were designed to accelerate 
consolidation of the Upper Organics and 
Clay strata such that primary compression 
would be essentially complete within about 
16 months of preload placement. 
Sand drains 0.30m(l2in.) in diameter were 
installed over most of the site in a 3.05m 
(lOft.) triangular pattern. Drains were 
installed by jetting through the Estuary 
Deposits and Clays, to depths varying from 
9.1-27.4m{30 to 90ft.). Where clay thick-
ness was less than 4.5m(l5ft.) drain 
spacing was increased to 6.lm{20ft.). 
Drains were eliminated where clay thick-
ness was less than about 3.05m(l0ft.). 
See Figures 1 and 2 for location of sand-
drained areas. 
The rationale behind selection of drain 
spacing is shown on Figure 4. Theoretical 
degree of primary consolidation versus 
time for the clay stratum is plotted for 
several clay thicknesses and drainage con-
ditions including vertical drainage only, 
and combined radial and vertical drainage 
for drain spacings of 3.0 and 6.1m(l0 and 
20ft.). Curves for vertical drainage are 
based on Terzaghi's one dimensional con-
solidation theory-Terzaghi and Peck(l967). 
Curves for combined radial and vertical 
drainage are based on equal strain theory 
Barron(l948), Moran et.al. (1958). Note 
the substantial increase in predicted con-
solidation rate of clay when comparing 
the case of sand drains at 3.05m(l0ft.) 
spacing to the vertical drainage only 
case. 
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SETTLEMENT PREDICTIONS 
The post construction settlement analysis for 
this project included theoretical estimates or 
"predictions" of amounts and rates of primary 
and secondary compression for the Upper Organic 
and Clay strata. The predictions are based on 
soil compressibility parameters developed from 
a detailed subsurface exploration and labora-
tory testing program. Table I below summarizes 
the various soil parameters used for settlement 
predictions. 
TABLE I. Parameters for Settlement Predictions 
UPPER 
ORGANICS 
LOWER 
ORGANICS 
STIFF 
CLAYS 
SOFT 
CLAYS 
STRESS 
HISTORY 
NORMALLY 
CONSOLIDATED 
NORMALLY 
CONSOLIDATED 
SLIGHTLY 
OVER 
CONSOLIDATED 
NORMALLY 
CONSOLIDATED 
COMPRESSION 
RATIO 
cc-
l+eo 
.25 
.20 
.lO 
.20 
COEFFICIENT 
OF 
CONSOLIDATION 
ev-ch 
-.2/sec 
o.u 
l.l 
0.22 
0.22 
COEFFICIENT 
OF 
sECO'iiDARY 
COMPRESSION 
c... 
.04 
.01 
.005 
• 005 
Predicted magnitudes of primary compression 
for the Upper Organics and Clays were deter-
mined using the following equation-Lambe and 
Whitman(l969). Predictions are summarized in 
COMPARISON OF RESULTS section. 
p Ho 
-- Cc log l+e0 
where 
p 
Ho 
eo 
Cc 
log 
(fVQ 
AOV 
settlement 
layer thickness 
initial void ratio 
compression index 
logarithm 
initial vertical effective stress 
change in vertical effective stress 
Laboratory test data was used to establish 
engineering parameters for the predictions 
ref. Goldberg-Zoino & Associates engineering 
report (1972) 
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FIELD INSTRUMENTATION 
An extensive field instrumentation program 
allowed monitoring of settlements of individual 
soil strata via settlement platforms and deep 
settlement anchors. Piezometric levels within 
the clay stratum were monitored with hydraulic 
and air activated piezometers. 
The instrument clusters described below were 
installed at locations shown on Figure 5. 
Settlement platforms were installed on a 1 to 
2.7m(3 to 9ft.) thick sand and gravel working 
mat placed from original tidal marsh surface up 
to Elev. 1.8m(+6ft.). Pilot borings were 
drilled at the center of each major cluster 
(Groups I, II, III) to determine vertical 
instrument locations. A shallow observation 
well was also installed at each instrument 
cluster. 
Group I (2 installed) 
Settlement platforms with deep 
settlement anchors at top and middle 
of clay stratum. 
Settlement platforms with hydraulic 
piezometer at 2/3 point below top of 
clay and air activated piezometer at 
1/3 point below top of clay • 
Group II (2 installed) 
Settlement platforms with deep 
settlement anchors at top and middle 
of clay, and at 3/4 point below top 
of clay stratum. 
Settlement platforms with air 
activated piezometer at 1/4 point 
below top of clay, and hydraulic 
piezometers at middle of clay and at 
3/4 point below top of clay. 
Group III {6 installed) 
Settlement platform with deep 
settlement anchor at top of clay 
stratum. 
Settlement platform with hydraulic 
piezometer at middle of clay stratum. 
Group IV (24 installed) 
Settlement platform with settlement 
anchor at surface of upper sands 
immediately below upper organics 
stratum. 
Group V (4 installed} 
Settlement platform only 
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Non-geotechnical engineering related delays in 
treatment plant construction allowed the pre-
load to remain in place for over 3 years, well 
into the secondary compression region for both 
estuary and clay deposits. Therefore, an 
unusual opportunity was provided for long term 
collection of field data. 
The final set of instrument readings revealed 
that most of the settlement platforms and deep 
settlement anchors were still performing satis-
factorily. The hydraulic piezometers generally 
performed satisfactorily for the first two 
years of monitoring, beyond which time they 
malfunctioned for unknown reasons. Air activa-
ted piezometers generally did not perform 
satisfactorily. 
Based on the data fo~ this project, the post 
construction analysis should be kept simple 
because sufficient instrumentation was 
installed to isolate the various strata such 
that their behavior can be studied individual-
ly. 
/ s 
TOEIIN 
FIGURE 5 
INSTRUMENT LOCATIONS 
ANALYTICAL APPROACH 
1. General 
The data available from this project included 
filling schedules, settlement observations and 
piezometric readings. 
A typical plot showing observed settlements at 
various times compared to the predicted curve 
is illustrated in Fig. 6. The observed settle-
ments are smaller than expected at times during 
and shortly after filling. As time continued 
the measured settlements exceed the predicted 
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values. Although it is common to present com-
parisons as shown in Fig. 6, the valu& of this 
type plot in analyzing data is, however, 
limited to qualitative evaluations. 
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TYPICAL OBSERVED AND PREDICTED 
SE;TTLEMENTvs. TIME FOR CLAYS 
A typical plot of observed settlements against 
the logarithm of time for the clay layer is 
shown in Fig. 7. As can be seen from Fig. 7 
the data plot as two approximately straight 
lines. The two lines are normally taken to 
indicate primary and secondary compression. A 
theoretical study indicated that for consolida-
tion under vertical and horizontal flow the 
intersection occurs at a percent consolidation 
between 80 and 90%. To obtain the best values 
for the total settlement at the end of primary 
compression and the coefficient of consolida-
tion, a curve was fit to all the primary data 
by one of the methods described below. 
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A plot of the settlement data from the Upper 
Organics is shown in Fig. 8. A sophisticated 
model was considered for the Upper Organics 
Wahls(l962), Weber(l969). Figure 8, however, 
indicates that this organic soil behaves as 
predicted by a simple model. 
The approach used here compared field behavior 
to predictions by first analyzing the field 
data completely independent of laboratory 
information or predictions. Values of the 
coefficient of consolidation and total settle-
ment at the end of primary compression were 
obtained by analysis from the field settlement 
data. In addition a coefficient of consolida-
tion was evaluated from the piezometric data 
in the clays. There were no piezometers in 
the Upper Organics. At several instrument 
locations the settlements had proceeded into 
secondary compression, allowing the coefficient 
for this effect to be determined from the 
settlement plots. Values obtained from 
analyzing the field data were easily checked 
against laboratory values. 
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2. Settlement Data 
All the analyses were carried out on the data 
gathered after filling was complete. Each 
observed settlement contains the initial settle-
ment plus some fraction of the ultimate consoli-
dation settlement. The times were adjusted for 
the filling period-Taylor(l948), Long and Healy 
(1976). Several plots of settlement versus 
time were analyzed graphically according to the 
method of Long and Carey(l978). This showed 
that the coefficient of consolidation of the 
clay is essentially constant while that of the 
Upper Organics is decreasing with time. 
The settlement data from the clay, therefore, 
follow the equation: 
- exp r-~ . J L F (n)re2 J --------1 
F (n) 
-------------2 
where: P = observed settlement at time t; Pt = 
the total settlement consisting of the initial 
plus ultimate consolidation settlement; re = 
effective radius; n = re/rw ; rw = radius of the 
well; ln = natural logarithm. 
The settlements in the Upper Organics can be 
shown to follow the equation: 
P = Pt - B 
=z""'"l-+=-e-x-p-('""z'""2-· t) 
-------------3 
where: B = a constant related to the ultimate 
consolidation settlement; Zl = a constant 
related to the change of the coefficient of 
consolidation during the settlement process; 
Z2 = a constant related to the final coefficient 
of consolidation. An equation similar to Eq.3 
was derived by Schiffman(l960) to describe 
behavior of a soil with a changing coefficient 
of consolidation. Although derived for small 
strains, it was found to yield reasonable 
results for this case of strains up to 20 per 
cent. 
Equations l and 3 can be fit to the field 
observations using non-linear regression 
techniques on a computer-(Draper and Smith 
(1966). For the Upper Organics Eq.3 yielded 
values of total settlement directly but 
produced a ratio of coefficients of consolida-
tion too large for the time range of observa-
tions. The fitted curve was used to find the 
range of values of the coefficient of consoli-
dation occuring during the time of observation 
according to the approach of Schiffman which 
allows the values to be computed from the 
equation: 
Cr = B·exp(Z2·t)•F(n)re2.z2 
2 (Pt-P) ~1 + exp{Z2·til2 --------4 
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3. Piezometric Data 
Since the piezometers were located midway 
between the sand drains and the clay was shown 
to have reasonably constant properties, the 
proper equation for analyzing this data is: 
ln A ·---5 
where: Ue = excess pore pressure ; A = 
intercept on the vertical axis; other symbols 
as before. 
4. Secondary Compression 
In areas where the drain spacing equaled 3.05m 
(lOft.) the observations in both the Clay and 
Upper Organics continued long enough to estab-
lish the straight line on the semi-logarithmic 
plot of settlement and time usually associated 
with secondary compression. This slope was 
analyzed for the coefficient of secondary 
compression according to the equation: 
Lambe and Whitman(l969) 
P2 - P1 = c~ log t2 
h tl ----6 
where: C~= coefficient of secondary compression; 
h = thickness of the settling layer; Pi = 
settlement at time t. 
COMPARISON OF RESULTS 
1. Settlements 
Comparisons of predicted to analyzed total 
settlements at the end of primary compression 
are shown on Fig. 9. Figure 9 shows only the 
results at the fully instrumented locations 
because the soil properties were documented 
best at these locations. As can be seen from 
Fig. 9, the measured total settlements are 
slightly smaller than predicted in the Clay 
and slightly greater than predicted in the 
Upper Organics. The predicted vs. analyzed 
total settlements for all fully instrumented 
platforms are shown in Fig. 10. 
A plot of settlements in the Upper Organics is 
shown in Fig. 11. The data in Fig. 11 indicate 
that spacing the drains on 3 m cen~ers increas-
es the rate of settlement over that in the non-
drained area but spacing the drains on 6.1 m 
had little effect over no drains. A para-
metric study of this indicated that drains at 
6.1 m spacing should have produced a slight 
increase in the rate. The effect in Fig. 11 
may be due to disturbance. 
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2. Coefficient of Consolidation 
The coefficients of consolidation analyzed from 
the field data are shown by instrument location 
in Table II. The average value from the labor-
atory tests was: Cv = CH = 0.22 mm2/s in the 
clay. These values result in a combined co-
efficient of consolidation Cr = 0.31 mm2/s. 
This value was used in the predictions. As can 
be seen from Table II the field values were 
smaller than the laboratory value. These lower 
values may be due to disturbance in spite of 
the careful procedures used in jetting the 
drains. 
Note that the coefficient of consolidation 
from piezometric data is always smaller than 
the same coefficient analyzed by settlement 
data. There was no indication that the 
piezometers malfunctioned during primary com-
pression. There are several reasons for the 
coefficient of consolidation being smaller when 
the instrument functions properly Long and 
Hover(l980). Malfunctions must of course be 
eliminated as a cause before the data is 
analyzed. 
The range of coefficients of consolidation for 
the Upper Organics as computed by equations 3 
and 4 are shown in Table III. These values are 
about as expected based on laboratory values 
which indicated a combined value of Cr=0.24 
mm2;s. 
3. Secondary Compression 
The values for the coefficients of secondary 
compression determined from the field data are 
shown in Tables II and III. The values in the 
clay are large compared to values generally 
found in normally consolidated clay and are 
larger than indicated by laboratory consolida-
tion tests. The values for the Upper Organics 
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are at the low end of the range usually found 
in peats and compare with the laboratory value 
of c =0.04 Lambe and Whitman(l964). 
Table II 
Summary of Analyzed Field Rates in Clay 
Instrument Combined Coef. of Coef. of 
Location Consolidation Secondary 
(See Fig.5) by Compressiox 
Settlement Piezometric 
Data Data 
29E43N 0.23 0.17 0.007 
30E53N 0.17 0.11 0.020 
33E30N 0.51 0.24 0.026 
43E41N 0.17 0.06 0.009 
49E47N 0.19 0.010 
62E22N 0.13 0.07 0.022 
62E29N 0.17 0.09 0.022 
70E28N 0.15 0.17 0.016 
Table III 
Summary of Analyzed Field Rates in Upper Organics 
Instrument Range of Coef. of Coef. of 
Location Consolidation Secondary 
(See Fig.5) (combined) Compression 
mm2/s 
29E43N 0.19-0.05 0.070 
30E53N 0.24-0.05 0.052 
33E30N 0.19-0.10 0.103 
43E41N 0.18-0.05 0.045 
49E47N 0.40-0.06 o·. 042 
62E22N 0.37-0.33 0.036 
62E29N 0.37-0.05 o. 039 
70E28N 0.44-0.06 0.043 
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SUMMARY AND CONCLUSIONS 
A. 
B. 
c. 
D. 
In general the field results compared well 
with those predicted from laboratory 
tests. More specifically, 
Total settlements at the end of 
primary compression were close to pre-
dicted values. 
Observed rates of' primary compression 
were somewhat slower than predicted by 
laboratory test data. 
Secondary compression rates in the 
Clay are higher than predicted by 
laboratory test data. 
Settlement instrumentation (platforms 
and anchors) generally had a better 
survival and reliability record than 
piezometers. 
Post construction analyses indicate that 
for this site: 
Total settlement at the end of primary 
compression can be accurately predict-
ed from laboratory oedometer tests. 
Sand drains installed at a spacing of 
3.05m(l0ft.) by jetting methods were 
effective in accelerating settlements .. 
of Upper Organics and Clays. Even 
careful installation procedures, 
however, may have resulted in slight 
disturbance and slight lowering of 
coefficient of consolidation. 
Sand drains installed at a spacing of 
6.lm(20ft.') did not effectively 
increase rate of consolidation of 
Upper Organics stratum., 
The analysis of peat behavior requires a 
more sophisticated model than is presently 
available. This model must address 
structural changes in the soil skeleton. 
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